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MAGNETIC TWEEZERS METHOD TO
MEASURE SINGLE MOLECULE TORQUE

This application claims the benefit of U.S. Provisional
Application No. 61/158,507, filed Mar. 9, 2009, and of U.S.

Provisional Application No. 61/159,006, filed Mar. 10, 2009,
which are hereby incorporated by reference in their entirety.

The present invention pertains to the measurement of
torque 1mposed on a filament, such as a single DNA macro-
molecule 1n a duplex or double-stranded helical configura-
tion.

This invention was made with Government support under
Grant No. CMS-0528296 awarded by the National Institutes
of Health. The Government has certain rights in this mven-
tion.

SUMMARY OF THE INVENTION

In an embodiment according to the invention, a system
includes a translation stage, a substrate having a first binding
point suitable for attachment of a first end of a filament, a
magnet opposite of the substrate, a magnetic probe having a
magnetic moment, an azimuthal orientation, and a second
binding point suitable for attachment of a second end of the
filament, positioned between the substrate and the magnet,
and an 1maging device near to the substrate, magnet, and
magnetic probe. A translation stage can be attached to the
substrate. A translation stage can be attached to the magnet.
The 1imaging device can determine the azimuthal orientation
of the magnetic probe. The second binding point of the mag-
netic probe can be offset from the magnetic moment.

In an embodiment, the magnetic moment of the magnetic
probe 1s approximately parallel to an orientation axis passing,
through the first binding point and the second binding point.
The translation stage can have 2 axes of motion. The magnet
can be a single permanent magnet. The single permanent
magnet can be aflixed to a z-stage translatable 1n a direction
approximately parallel to the orientation axis. The magnet
can be an electromagnet, and can have a variable magnetic
field. The magnetic probe can include a magnetic bead and a
lever. The magnetic moment of the magnetic probe can pass
through the magnetic bead. The lever can include the second
binding point. The magnetic probe can include a superpara-
magnetic material. The filament can include a macromol-
ecule.

A method for determining the torque applied to a filament
according to the mvention 1ncludes atfixing a first end of the
fillament to a substrate, ailixing a second end of the filament to
a magnetic probe having an azimuthal orientation, applying
an external magnetic field having a magnetic axis to move the
magnetic probe and elongate the filament along an orientation
axis passing through the first end and the second end of the
filament, translating the first end of the filament relative to the
magnetic axis (for example, by translating the substrate and/
or the magnetic field) to change the azimuthal orientation of
the magnetic probe and impose twist on the filament, obtain-
ing 1images ol the magnetic probe at a plurality of successive
times, using the 1images to determine the azimuthal orienta-
tion of the magnetic probe at the successive times, obtaining
a probability distribution of azimuthal orientations from the
azimuthal orientations at the successive times, and determin-
ing the torque on the filament from the probability distribu-
tion of azimuthal orientations. The filament can be a poly-
nucleotide. The substrate can be translated 1n a curve having,
a winding number about the magnetic probe. The winding
number can be fractional, for example, one-half (0.5) revolu-
tion or one and one half (1.5) revolutions. The torque on the
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2

filament as a function of the azimuthal orientation and/or the
winding number can be determined. The external magnetic
field can be varied to vary an elongation force along the
orientation axis of the filament. The torque as a function of the
clongation force and the azimuthal orientation and/or the
winding number can be varied.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a-1c¢ present a system for single molecule torque
measurement. FI1G. 1q illustrates how the magnetic field cre-
ated by a cylindrical magnet 1s used to manipulate a magnetic
probe attached to the molecule under study. FIG. 15 presents
a top view ol the system. FIG. 1¢ presents a view of the system
including the imaging device and the z-translational stage for
moving the cylindrical magnet toward and away from the
probe.

FIG. 2a presents a bright-field image of a nanorod-bead
magnetic probe (bar=1 um). FIG. 25 presents a binary image
ol a nanorod-bead magnetic probe.

FIG. 3 presents measurements of the horizontal (azi-
muthal) angle (0) of a nanorod-bead magnetic probe tethered
to a DNA molecule with different numbers of turns as a
function of time and as histograms. The lower histogram, the
middle histogram, and the upper histogram are derived from
consecutive angle measurements at —40, 0, +45 turns respec-
tively.

FIG. 4 presents results of single-molecule torque measure-
ment of DNA atlow pulling force. Results of extension (elon-
gation) and torque measurement of a 10 kb naked DNA mol-
ecule at pulling forces 01 0.3, 0.6 and 1.4 pN are shown. Inset:
The torque at which DNA buckles to form plectonemes at
positive rotations (post-buckling torque) as a function of pull-
ing force. Black crosses are Forth et al. measurements” and
the dashed line represents a theoretical model proposed by
Marko.?° Circles are the post-buckling torques from curves at
0.3, 0.6 and 1.4 pN.

FIG. § presents results of extension and torque measure-
ments on chromatin fibers. FIG. 5a: Chromatin was generated
from the same DNA used for bare DNA experiments
described in FI1G. 4. The turn-vs-extension and turn-vs-torque
curves at 0.3 pN pulling force are shown for three molecules.
FIG. 5b: Extension and torque hysteresis was observed in the
chromatin fibers. Two consecutive loops are shown for a
single molecule.

FIG. 6 presents a simulation of the magnetic field gener-
ated by the cylindrical magnet used in the experiments.

FIG. 7 presents a schematic diagram of how the magnetic
probe 1s rotated.

FI1G. 8 presents diagrams of horizontal and vertical angular
traps of the magnetic probe.

FIG. 9a presents the horizontal angular trap stiffness in the
conventional two-magnet configuration. FIG. 9b presents
angle histograms.

FIG. 10a shows a scanning electron micrograph of the
aluminum oxide template used for nanorod electrodeposi-
tion. FIG. 1056 shows a scanning electron micrograph of a
N1—Pt nanorod (bar=0.5 um).

FIG. 11a-11c¢ presents the deviation of the nanorod from
the horizontal (vertical (altitude) angle).

FIG. 12 presents a bright field view of nanorod-bead mag-
netic probes (bar=>5 um).

FIG. 13 presents an assessment of the precision of the
torque measurements.
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FI1G. 14a-14b shows N1—Pt nanorods coated with tetram-
cthylrhodamine conjugated Neutravidin.

DETAILED DESCRIPTION

Embodiments of the invention are discussed in detail
below. In describing embodiments, specific terminology 1s
employed for the sake of clarity. However, the invention 1s not
intended to be limited to the specific terminology so selected.
A person skilled in the relevant art will recognize that other
equivalent components can be employed and other methods
developed without parting from the spirit and scope of the
invention. All references cited herein are mcorporated by
reference as 1f each had been individually incorporated.

Torsional stress 1n linear biopolymers such as DNA and
chromatin has important consequences for nanoscale biologi-
cal processes. We have developed a new method to directly
measure torque on single molecules. Using a cylindrical mag-
net, we mampulate a novel probe consisting of a nanorod with
a 0.1 um ferromagnetic segment coupled to a magnetic bead
according to an embodiment of the current invention. We
achieve controlled introduction of turns into the molecule,
precise measurement of torque and molecule extension as a
function of the number of turns at low pulling force. We show
torque measurement of single DNA molecules and demon-
strate for the first time measurements of single chromatin
fibers.

DNA and other linear biopolymers accumulate torsional
stress under the action of a rotary force or torque. This prop-
erty has important biological implications, for example, tor-
sional stress affects the action of enzymes that act on DNA.*
Fundamental biological processes such as DNA replication
and transcription involve biological nanomachines that exert
torque on double stranded (ds) DNA and chromatin.® > Thus,
in order to reveal the mechanisms and energetics of these
processes, 1t 1s imperative to have tools to measure the torque
required to twist linear biopolymers, such as DNA and chro-
matin. Understanding how biological processes and linear
biopolymers are affected by torsional stress 1s important in
the design of chemotherapeutic drugs,® and applications
involving DNA biological machines.” Moreover, the ability
to measure the torque of single molecules 1s 1important in
understanding molecular structure, such as the chromatin
structure;” and, in general, an essential tool to study the tor-
sional properties of nanoscale linear biopolymers.

The dependence of torque on twist for DNA has been
measured with optical angular trapping methods,” ' ' and has
been analyzed from viscous drag forces.'> However, like
other biopolymers, the structure of DNA 1s sensitive to pull-
ing force, and these techniques employ pulling forces greater
than 1 pN, suilicient for melting duplex DNA when negative
twists are mntroduced. DNA and chromatin 1n vivo are usually
free from stretching forces and hence 1t 1s of fundamental
interest to study these filaments or fibers using a device that
can measure torque at low pulling force. Twisting a single
molecule at low pulling force can be achieved using magnetic
tweezers. Magnetic tweezers techniques have been used to
study naked DNA, "> ** chromatin,® >"'" and enzymes that
act on DNA.* '*** The conventional magnetic tweezers
setup, however, does not allow measuring single molecule
torques (~10 pN-nm [ref.”]) because, as we show below, they
do not produce a measurable change 1n the angular orienta-
tion of the probe used to twist the molecule.

To allow measurement of torque at low pulling forces
(0.1-1.5 pN), we have developed a new magnetic tweezers
configuration (FIG. 1). We use a probe consisting of a 2 um
long and 0.2 um diameter N1—Pt nanorod with a 0.1 um Ni
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segment, produced by electrochemical template synthesis,*”
coupled to a 1 um diameter superparamagnetic bead accord-
ing to an embodiment of the current invention. This probe 1s
mampulated using a cylindrical magnet. The new device
allows direct and precise torque measurement of single mol-

ecules. We use the new method to measure torque 1n single
DNA molecules and for the first time present results for single
chromatin fibers. Our bare DNA measurements match exist-
ing measurements at pulling forces>1 pN and agree with
theoretical predictions at lower pulling forces. The results for
chromatin show that the torsional rigidity of chromatin fibers
1s lower than naked DNA at the same pulling force.

In order to study the torsional properties of DNA and other
linear biopolymers at low pulling force in a single molecule
experiment, there are four main aspects. First, we can be able
to mtroduce turns into the molecule. This can be accom-
plished by first linking one end of the molecule to the nanorod
and the other end to the glass substrate, and then rotating the
nanorod-bead probe. The probe can be rotated by exposing
the probe to arotating magnetic field. Second, we can be able
to measure torque at any configuration (1.e., number of turns).
This can be achieved 1n the following way. Under equilibrium
conditions the magnetic field holds the probe at a given angu-
lar orientation but suificiently weakly to allow thermal fluc-
tuations. Torque can be calculated from the change in the
angular distribution of the probe before and after introducing
turns 1nto the molecule. To do this, the probe can be confined
in a weak trap, so that the orientational change can be
observed. Third, we can measure the extension of the mol-
ecule perpendicular to the surface. This can be measured from
analysis of the mterference pattern from the bead attached to
the nanorod*”*. Fourth, we can apply and measure a small
vertical force. This force can be applied to the molecule
through the probe and can be the result of a vertical gradient
in the magnetic field. This force can keep the molecule
extended and allow us to explore the influence of applied
force on torque and on molecule extension. The vertical force
can be measured from the fluctuations of the probe 1n the x-y
plane.'”

An embodiment of a system for single molecule torque
measurement according to the present invention 1s presented
in FIGS. 1a-1c. FI1G. 1a illustrates how the external magnetic
field created by a magnet 107 (1n an embodiment a cylindrical
permanent magnet) 1s used to manipulate a magnetic probe
109 attached to the filament 1035 under study, such as a mac-
romolecule or DNA double helical strand. Other types of
magnet 107 can be used, for example, coils of wire through
which an electric current flows can form an electromagnet
that generates the magnetic field, the coils of wire can have an
air-core or an iron core. Such an electromagnet used as the
magnet 107 can be configured, so that the electric current
through the coils, and, thus, the magnetic field generated, can
be variable and under the control of a user. The magnetic
probe 109 shown includes a N1—Pt nanorod 121, which
serves as a lever, coupled to a 1 um magnetic bead 119. The
magnetic bead can include, for example, a ferromagnetic
material, a superparamagnetic material, and/or a material
endowed with another magnetic property. One end of the
filament 1035 1s attached to the glass substrate 101 at a first
binding point 103 and the other end to the nanorod 121 at a
second binding point 115 at a distance L, from the Ni seg-
ment. The magnetic field and the probe dipole 111 (arrow

with color gradient) align vertically. A horizontal force ?h
131 (<0.1 pN), arising from a gradient 1n the magnetic field,

produces a torque fhxﬁh which weakly traps the horizontal
(azimuthal) angular fluctuations of the probe (fluctuations of
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the angle 0 113), allowing controlled twisting of the filament
105 and detection of the torque applied to the filament 105.
An orientation axis can be defined as a line passing through
the first binding point 103 and the second binding point 115.
The magnetic moment 111 of the magnetic probe 109 can be

approximately parallel (for example, parallel to within £20°,
+15°,£12°, £10°, £5°, £4°, £3°, £2° £1°, £0.6°, £0.5°, £0.2°,
or £0.1°). The azimuthal orientation or azimuthal angle ©
(113) can be defined in a plane normal to orientation axis of
the filament 105.

In an embodiment, the substrate 101 1s glass, e.g., a glass
capillary tube 123. However, the substrate can be formed of
any other suitable material, such as a non-silica glass or a
non-glass material.

The magnetic probe 109 formed from the magnetic bead
119 and the nanorod 121 1s just one example of a magnetic
probe 109 that can be used in an embodiment of a system
according to the mvention. For example, a magnetic probe
109 can include a single object, of which the second binding
point 115 1s ofiset from the magnetic moment 111. The mag-
netic probe 109 can have a nonspherical form and be aligned
so that the 1maging device can determine the azimuthal ori1-
entation of the magnetic probe 109. Alternatively, the mag-
netic probe can be marked (e.g., by a color or fluorescent
marker) on different parts of its surface so that the imaging
device can determine 1ts azimuthal orientation even 1f 1ts form
appears symmetric (e.g., circular) to the imaging device.

The nanorod 121 can be formed of a nickel 1001 and a
platinum 1003 segment as described (FIG. 10). Alternatively,
the nanorod can be formed of other materials, for example,
other metals. For example, a ferromagnetic material other
than nickel can be used. For example, a non-ferromagnetic
material other than platinum can be used.

The filament 103 under study can be, for example, a fiber,
a structure containing multiple aligned macromolecules, a
single DNA double helical structure having two polynucle-
otide strands, a single polynucleotide strand, or a single mac-
romolecule, such as a polymer, or another structure, such as a
carbon nanotube.

FIG. 15 presents a top view of the system. The horizontal
force 1s symmetric around the axis of the cylindrical magnet

107 (broad arrows). The torque L, hxﬁh orients the nanorod

121 in the direction of the force F » 131. Controlled rotation of
the magnetic probe 109 can be obtained by moving the glass
capillary such that the probe follows a path around the pro-
jected center of the cylindrical magnet 107.

FIG. 1¢ presents a view of the system including the imag-
ing device 117. A z-translational stage can move the cylindri-
cal magnet 107 toward and away from the probe 109. Single
molecule manmipulation can take place iside a capillary tube
123 over an 1nverted optical microscope 1235. Samples can be
observed on an inverted microscope 125 (Nikon Eclipse,
TE2000-E) using a 100x oil-immersion objective. The nose-
piece of the microscope can be on a motorized z-stage which
allows 50 nm steps. Video images can be obtained witha CCD
digital camera 127 (Hamamatsu, ORCA-ER) connected to a
PC computer. Video images can be analyzed in real time at 21
Hz using software written in MATLAB (version 7.6.0.324).
The cylindrical magnet 107 can be held above the capillary by
the z-translational linear stage.

Although FIGS. 1a and 1¢ show components 1n a certain
orientation, for example, the magnet 107 above the substrate
101, 1t 1s to be understood throughout this application that 1t 1s
the relative orientation of components, and not their absolute
orientation, that 1s relevant to the system. For example, the
magnet 107, the magnetic probe 109, and the filament 105 can
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be located below the substrate 101. For example, the magnet
107, the magnetic probe 109, and the filament 105 can be
located to the side of a substrate 101. For example, 1n each of
these configurations, the magnet 107 can be arranged 1n a
relationship opposed to the substrate 101.

Controlled Introduction of Turns into the Molecule.

In an embodiment, we can introduce twist or turns 1nto the
molecule by rotating the probe attached to 1t. This can be done
by using the features of the magnetic field created by the
magnet 107 (for example, a cylindrical magnet) and the
geometry of the magnetic probe, for example, the nanorod-
bead probe shown in FIG. 1. The magnet 107 generates a

vertical magnetic field B. This field applies a torque mxB to

the probe which vertically orients the probe dipole m (arrow
with color gradient 1n FIG. 1a). The probe dipole remains

aligned with the vertical field during tluctuations of the probe

horizontal angle (0 in FIG. 1a) and mxB~0 at any horizontal
orientation of the probe. However, fluctuations of the angle O

are constrained by a horizontal force F} acting on the mag-
netic moment (or magnetic center) of the probe, due to a
horizontal gradient of the magnetic field (see FIG. 6). FI1G. 6
shows a simulation of the magnetic field generated by the
cylindrical magnet used in the experiments (6 mm diameter,
6 mm long, with axial centered hole of 1 mm diameter and 1.2
MA/m axial magnetization) obtained using the software
FEMLARB (version 3.0a). A contour plot of the magnetic flux
density magnitude 1s shown for a cross section along the axis
of the cylindrical magnet. The solution 1s radially symmetric
around the axis r=0. The mset of FIG. 6 shows a close-up of
the indicated region. Black arrows show the direction of the
magnetic field gradient in the region ~2 mm away from the
magnet. The horizontal (radial) component of the gradient

explains the horizontal magnetic force (ﬁh) observed 1n the
experiments.

The torque L hx? ., where L . 1s the horizontal component
of the distance between the DNA point of attachment to the
probe (the second binding point 115) and the magnetic
moment 111 (or magnetic center) of the probe, traps the
fluctuations of the angle 0 113 and orients the magnetic probe
109 (for example, the nanorod 121 of the magnetic probe 109)

in the direction of the force ﬁh (131). That 1s, the second
binding pomt 1135 1s offset from (does not lie on) a line
extending to 1nfinity that passes through the vector defining
the magnetic moment 111. We use this alignment of the

nanorod 121 with F}. (131) to rotate the magnetic probe 109.

The force ﬁh (131) points outwards, away from the axis of
symmetry ol a cylindrical magnet 107 and 1s symmetric

around this axis (FI1G. 15). F , (131) 1s zero at the point where
the axis of the cylindrical magnet 107 intersects the plane of
the glass substrate 101 and it increases as one moves radially
away from this point. For example, positioning the magnetic
probe 109 at more than 50 um from that point produces a

horizontal force (131) ﬁh>0.l pN. The magnetic probe 109
can be rotated by moving, for example, the sample stage 1n
such a way that the magnetic probe 109 moves around the
projected center of the cylindrical magnet 107 1n a path=~50
um away from this center (see FIG. 7). FIG. 7 shows a sche-
matic diagram of how the nanorod-bead magnetic probe 109
1s rotated. View 1s along the z-direction (DNA fiber axis). The

horizontal force (131) ﬁh (0.02-0.1 pN) 1s generated by the

gradient 1n field strength o the magnetic field produced by the
single cylindrical magnet 107. It points radially away from




US 8,350,564 B2

7

the magnet center (red arrows). When the DNA attachment

point does not correspond to the magnetic N1 segment, ?h
(131) orients the nanorod. For example, movement of the
glass substrate 101 around a square path (~100 um side)
rotates the nanorod-bead magnetic probe 109 by exposing 1t
to a rotating horizontal force. That 1s, because of the radial

nature of F?h (131), this motion rotates the force F}. (131)
applied to the magnetic probe 109, which allows for con-
trolled rotation of the magnetic probe 109 and thus introduces
turns (or twists) into the DNA molecule 105.

Movement of the first binding point 103 relative to where
the magnetic axis of the magnetic field (for example, the

magnetic axis being where the horizontal force ﬁh 1S ZEero)
intersects the substrate 101 (the magnetic axis intersection
point) and/or consequent rotation of the magnetic probe 109
can be described by a winding number. For example, moving
the first binding point 103 one turn counterclockwise 1n a
closed path about the magnetic axis intersection point, while
keeping the distance between the first binding point 103 and
the intersection point sufficiently large so that the horizontal

force ﬁh 1s great enough to rotate the magnetic probe 109
increases the winding number by one. Moving the first bind-
ing point 103 one turn clockwise i a closed path about the
magnetic axis intersection point can decrease the winding
number by one. The winding number can be fractional (e.g.,
0.5 for one-half of a turn; 1.5 for one and one-half turns) when
the angle traced by the line that joins the first binding point
and the magnetic axis intersection point 1s not a multiple of
360 degrees.

The movement of the first binding point 103 relative to the
magnetic axis itersection point to rotate the magnetic probe
109 can be achieved by holding the magnet 107 and/or the
magnetic field 1t generates stationary and moving the first
binding point 103 (for example, by moving the substrate 101).
The curve traced by the first binding point 103 can be closed
in some embodiments or open (for example, having the form
ol a spiral) 1n other embodiments to achieve a fractional or
integer winding number of less than one, one, or greater than
one. Alternatively, the movement of the first binding point
103 relative to the magnetic axis intersection point can be
achieved by moving the magnet 107 and/or the magnetic field
it generates and holding the first binding point 103 stationary
(for example, by holding the substrate 101 stationary). The
curve traced by the magnetic axis intersection point can be
closed in some embodiments or open 1n other embodiments.
Alternatively, the movement of the first binding point 103
relattve to the magnetic axis intersection point can be
achieved by moving the magnet 107 and/or the magnetic field
it generates and moving the first binding point 103 relative to
cach other. The curve traced by either of the first binding point
103 and/or the magnetic axis intersection point can be closed
in some embodiments or open 1n other embodiments.

For example, precise movement of the magnetic probe 109
can be facilitated by a manually or motor actuated stage, for
example, a 2 axis motorized stage (H117 Proscan, Prior Sci-
entific, Rockland, Mass., US). For example, the stage can be
attached to the substrate 101 to move the first binding point
103. Alternatively, the stage can be attached to the magnet 107
(for example, a permanent magnet or an electromagnet) to
move the magnetic axis mtersection point. In the case of a
cylindrical magnet 107, the magnetic axis can be approxi-
mately collinear with the geometric axis of the cylindrical
magnet 107. Alternatively, other configurations can be used to
move the magnetic axis intersection point and the first bind-
ing point 103 relative to each other, for example, one or more
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clectromagnets can be used to move the magnetic field and
the magnetic axis intersection point by varying electrical
current delivered to the coil(s) of the electromagnet(s) with-
out physically moving the magnet(s). After rotating to a
desired configuration, the probe can be returned to the mitial
position with 2 pixels precision (88 nm) using a separate
immobilized bead adhered to the glass surface as a reference.
lorque Measurement.

In an embodiment, we measure torque from the horizontal
(azimuthal) angular fluctuations of the magnetic probe 109
attached to the molecule 1035, before and after introducing
turns 1nto the molecule 105. The probe azimuthal angle or
orientation 0 (113) can result from the torque of the angular
trap from the magnetic field and the resistive torque from the
twisted molecule 105. Measurement of molecular torque can
be achieved by confinement of the magnetic probe 109 1n a

weak angular trap such that the change in the in angular
distribution due to the resistive torque 1s large enough to be

measured. The torque fhxﬁ . Irom the magnetic field traps
the fluctuations of the horizontal (azimuthal) angle of the

probe (0) (113). The angular trap stifiness (k) 1s ﬁlfh \ﬁhl
and therefore, 1s determined by the point of attachment of
DNA (second binding point 115) to the magnetic probe 109
(for example, to the nanorod 121) and by the position of the
magnetic probe 109 1n the magnetic field (see FIG. 8). In FIG.
8 the horizontal and vertical angular traps of the nanorod-

bead magnetic probe 109 are illustrated. F}z 1s the horizontal

component 131 of the magnetic force. [ is the vector from the
DNA binding point (second binding point 115) to the mag-
netic moment 111 (or magnetic center) of the magnetic probe
109 (for example, of the magnetic bead 119). Because the
magnetic bead 119 has a dipole ~15 times larger than that of
the N1 segment of the nanorod (121), the magnetic moment
111 (or the magnetic center) runs approximately through the
center of the magnetic bead 119. The second binding point
115 1s offset from (does not lie on) a line extending to infinity
that passes through the vector defining the magnetic moment

111.T . 1s the horizontal component of L. The nanorod-bead
probe orientation can be specified by two angles (horizontal
(azimuthal) angle or orientation 0 (113) and vertical (altitude)
angle . (829)). These angles fluctuate under the influence of
two corresponding angular traps: a horizontal angular trap for
0 (113) and a vertical angular trap for o. (829) (arrows exterior

to and pointing away from the bead 119). The horizontal

angular trap 1s generated by F}. (131). It constrains the hori-
zontal (azimuthal) angle 0 (113) between the nanorod (121)

and the direction of the force by means of a torque ’U(El):f X

F}fF oL, sin(0). Integrating and approximating cos(0)=1-
0%/2, E(6)=C+F,L,0°/2. The stiffness k,=F, L, is constant for
a particular magnetic probe 109 at a fixed vertical pulling
force (set, 1n the case of a permanent magnet, by the distance
from the magnet 107 to the magnetic probe 109). It depends
on the magnetic field at the position of the magnetic probe
109, the dipole of the probe, and the distance L,. The nano-
rod-bead magnetic probes 109 used 1n an embodiment expe-
rience a horizontal angular trap of stifiness between 30 and 70
pN nm. The vertical angular trap constrains the vertical (alti-

tude) angle o (829) by means of a torque, T=C3(-m-

§)/ do=CmB sin{a)=~K _a, where C 1s a constant that depends
on the level of magnetic saturation of the magnetic probe 109.

In order to characterize the vertical angular trap, we have
measured the angle (o) (829) between the nanorod 121 and
the horizontal plane (FIG. 11). FIG. 11 presents results of an
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experiment for determining the deviation of the nanorod 121
from the horizontal (vertical (altitude) angle 829). FIG. 11a
presents a bright field image of a fluctuating nanorod-bead
probe 109 tethered by a DNA molecule 105 and subject to the
magnetic field created by a cylindrical magnet 107. Intensity
profiles were taken from lines perpendicular to the nanorod
axis. Note that the diffraction pattern remains homogeneous
along the nanorod 121 which indicates that the vertical angle
829 1s small. FIG. 115 presents intensity profiles obtained
from the bright field image. The profiles shown here corre-
spond to the last frame. FIG. 11¢ presents the vertical angle

829 as a function of movie frame. We obtained this angle from
the heights of two positions and the distance between them
(660 nm). The mean of the vertical angle 829 1s —0.6° and 1ts
fluctuations are mostly constrained within +£3.5°. That 1s, 1n
order to measure the height of two points along the axis, we
first generate a calibration set of intensity profiles at each of
the two positions. These calibration sets are taken at increas-
ing objective distance while the nanorod 121 is horizontal
lying on the bottom of the glass substrate 101 (same proce-
dure 1s used to measure bead z-coordinate). Then we
approach the cylindrical magnet 107 (1.e., move the magnet
107 closer to the magnetic probe 109) to lift the magnetic
probe 109 and take intensity profiles at the two positions
while the nanorod 121 i1s fluctuating tethered by a DNA
molecule 105. The heights of the two points can be calculated
by finding the best match to 1ts intensity profile 1n the cali-
bration sets.

Thus, the experiment presented 1n FIG. 11 demonstrates
that the vertical angular trap that holds o (829) close to zero
1s very stiil. We calculated the stifiness of the vertical angular
trap, k_,, to be 7,213 pN-nm at low pulling force and 7,609
pN-nm at high pulling force. The nature of the vertical angular
trap 1s such that the dipole of the probe angle 1s constrained by

the torque mxB generated by steep potential energy.

Magnetic probes 109 can have, for example, Ifhl between
0.3 and 1 um; and we position the magnetic probes 109 at <50
um (for example, 40 um) from the projected center of the

<0.1 pN. The horizon-

tal (azimuthal) angular trap generated by the torque fhx? .
has, 1n these conditions, k, as low as 30 pN-nm. By contrast,
in the conventional magnetic tweezers configuration the hori-
zontal magnetic field generated by two magnets, tightly con-
strains the horizontal angular movements of the probe, pro-
ducing an angular trap stiffness 80 times higher (see FIG. 9).
FIG. 9a presents the horizontal angular trap stittness (kg) 1n
the conventional two-magnet configuration as a function of
distance between the magnets (d). The circle symbols show
trap stifiness for a bead-bead probe using 1 um beads. This
probe self assembles 1n the capillary tube. The stifiness
k=K, T/<80°> was measured at the minimum vertical pulling
force necessary to suspend the beads above the glass surface.
At each d, the vertical pulling force was set at this minimum
by readjusting the distance between the magnets and the
probe (h). In the two magnets setup, a shorter distance h
corresponds to a greater field gradient (vertical pulling force)
and a greater field magnitude experienced by the probe. The
increase 1n kg at d>6.5 mm correlates with a reduction of the
distance h at high values of d, required for suspending the
beads oftf ot the glass surtace. The square symbols show kg to

a nanorod probe with dipole of N1 segment along 1ts axis. The
nanorod 1s tethered to a DNA molecule and k, 1s measured at
the mimimum vertical pulling force necessary to prevent the
nanorod from contacting the glass capillary. No measure-
ments were taken at distances greater than 9 mm for the

cylindrical magnet 107, such that | F .
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nanorod probe because the magnetic field was not able to
generate a vertical force high enough to prevent the probe
from contacting the glass capillary. Thus, the minimum trap
stiffness of the conventional configuration 1s about 2,300
pN-mn. With the ability to distinguish an angle difference of
1°, torques less than 2,300-2m/360, or ~40 pN-mn, are not
detectable. In FIG. 956 angle histograms for some of the
experiments described 1n FI1G. 9a are shown. Each histogram
represents 3,000 angle measurements, bin size 1°. The lett-
most four steep peaks are histograms from bead-bead probes
and the rightmost four steep peaks are from nanorod probes.
Distance between magnets (d) in millimeters 1s indicated
under each curve. Angular distribution of a nanorod-bead
probe under the magnetic field created by a cylindrical mag-
net 107 according to the present invention 1s shown for com-
parison (broad curve). The angular trap stifiness generated by
the cylindrical magnet 107 was 33 pN-mn, about 80 times
lower than the lowest value of the two-magnets configuration.
Therefore, conventional magnetic tweezers have a resolution
ol not better than 40 pN-nm and cannot be used to measure
torque. The low trap stifiness 1n our configuration allows a
torque resolution of <1 pN-nm, essential for torque measure-
ments on DNA, which at apulling force o1 1 pN, bucklesat 17
pN-nm.”

To obtain the configuration shown 1n FIG. 14, the axis of

the nanorod 121 can be approximately horizontal under the
vertical magnetic field. The precision of torque measurement
using this configuration can be enhanced i1 the angular fluc-
tuations of the rod out of the horizontal plane (vertical (alti-
tude) angular tluctuations) are minimized. Minimizing these

e

fluctuations ensures that the horizontal distance L, 1s con-

stant, which conserves the torque L hxﬁ ., and also conserves
the shape of the nanorod image, which allows tracking the
angle of the nanorod 121 with precision (see FIG. 2). This
particular configuration of the nanorod 1s accomplished by
limiting the length of the ferromagnetic N1 segment 1001 of
the nanorod 121 to ~0.1 um, approximately half of the nano-
rod diameter, which makes the magnetic dipole of the Ni
segment perpendicular to the long axis of the nanorod™ (see
FIG. 10). The short N1 segment 1001 and the longer Pt seg-
ment 1003 of the nanorod 121 can be seen 1n FIG. 1054.

The magnetic attraction between the ferromagnetic Ni seg-
ment 1001 and the magnetic dipole that 1t induces 1n a super-
paramagnetic bead 119 results 1n self-assembly, as illustrated
in FIG. 1a. In the assembled probe 109, the N1 segment 1001
attaches the nanorod 121 to the bead 119 1n such a way that
under a vertical magnetic field, the dipole of the bead and the
dipole of the N1 segment can be approximately vertical while
the nanorod axis can be approximately horizontal. Vertical
(altitude) angular fluctuations 829 of the nanorod 121 are
strongly constrained by this alignment of the probe dipole
with the vertical magnetic field. Measurements of the angle
between the nanorod 121 and the horizontal plane show that
the vertical (altitude) angle 829 fluctuates within £6° (see
FIG. 11).

In contrast to a random attachment of a nonmagnetic par-
ticle to a magnetic bead, the attachment driven by the ferro-
magnetic N1 segment 1001 of the nanorod 121 produces a
uniform population of magnetic probes 109 with the desired
configuration (see FIG. 12). FIG. 12 presents a bright field
view ol nanorod-bead magnetic probes 109 (bar=5 um).
N1—Pt nanorods 121 and superparamagnetic beads 119 self
assemble after mixing in the capillary tube by magnetic
attraction between both particles, without the action of an
external magnetic field. In this 1image, individual nanorods



US 8,350,564 B2

11

121 and magnetic beads 119 are also seen, which adhere
nonspecifically to the glass substrate 101 and do not interfere
with measurements.

FIG. 2a presents a bright-field image of a nanorod-bead
magnetic probe 109 (bar=1 um). The probe 1s tethered to a
glass substrate 101 by a DNA molecule 105 and pulled with
a vertical magnetic field. The asymmetry of the magnetic
probe 109 allows for precise angular measurement by an
imaging device 117. FIG. 2b presents a binary image of a
nanorod-bead magnetic probe 109. The dashed line 1s the
computed orientation of the magnetic probe 109 based on the
center of the bead 119 and the center of the rod 121.

FIG. 3 shows measurements of the horizontal (azimuthal)
angular (0) fluctuations of a nanorod-bead magnetic probe
109 tethered to a DNA molecule 105 for different numbers of
turns. The time series data are used to generate histograms.
The lower histogram, the middle histogram, and the upper
histogram are dertved from consecutive angle measurements
at —40, 0, —+45 turns respectively.

The torque at n number of turns can be obtained from two
angular histograms, because angular fluctuations of the nano-
rod-bead magnetic probe 109 attached to a filament 103 or
fiber report on the torque experienced by the magnetic probe
109. The net potential energy of the magnetic probe 109 1s a
combination of the forces from the imposed magnetic field
and the elasticity of the molecule as a function of the probe
azimuthal angle 113:

U=Up(0)+E(6)

where U ,(0) 1s the potential energy ot the magnetic probe 109
in the magnetic field. E 1s the elastic energy of the molecule
105 as a tunction of the attached probe angle. Note that U (0)
1s a periodic function of 0 (period=2m), but E i1s not. The
angular fluctuation of the probe 1s given by the Boltzmann
distribution

P(0)oce™ kL

To obtain torque at n turns of the molecule (0=2mn), the
angular histogram P,(0) of the nanorod-bead magnetic probe
109 1s first obtamned before introducing turns into the
molecule (n=0). P,(0) describes the angular probability
distribution of the magnetic probe 109 in the absence of
resistive torque from the molecule 105. We fix the 0 axis such
that { 0) =0 in the P,(0) distribution. Then, by moving the
stage, we mtroduce n turns into the molecule 103 (see FI1G. 7)
and collect a new angular distribution, P, (0), at the same (X,y)
position in the field as P,(0). The most probable angle, 0%, of
this new distribution corresponds to a minimum of the net
potential energy U, thus:

d(Ug(0)) . d(E,(9))
N P T:

=0
f=g*

where E_(0) 1s the elastic energy 1n the vicmity of 2mn. The
second term of this expression 1s the resistive torque applied
by the molecule 105 to the magnetic probe 109 at n turns
(_FUH)‘

The resistive torque of the molecule 1035 can be estimated
by approximating the angular trap of the field as a harmonic
potential well. Approximating the magnetic contribution by a
quadratic function (harmonic approximation) U,+k,0%/2, we
have { 6) =0*, we obtain,

Tn:ke< O >

kg 15 calculated from the mean square deviation of 0 distribu-
tion, k, T/{ 86%) . Thus, the trap stiffness k, multiplied by the
change 1n the average angle between P, (0) and P (El) grves the
torque at n turns. Trap stiffness (k,=k,T/<86°>)is 34.5,35.5
and 35.1 pN-nm at 0, —40, +45 turns respectwely The angle
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measurements shown 1n FIG. 3 are used to obtain the torque
values (-10.4 and 13.7 pN-nm) of the curve at pulling force
0.6 pN shown 1n FIG. 4.

Torque can also be obtained from P, (0) and P,(0) without
approximating the magnetic angular trap as a harmonic
potential. The ratio of angular distributions 1s

P, (6)

~(En (0)-Eq(®)VkgT
Po(0)

oC e

The contribution of the magnetic field has been canceled out.
At low pulling forces and n=0,E,(0) 1s essentially a constant
function and the molecular torque 1s zero. Thus, the elastic
free energy of the molecule can be obtained from the log of
the distributions ratio:

P, (0)
P(0)

E (6) = —kgTln + Const.

The molecular torque at n turns 1s the slope of the free energy,
or

T, can be obtained by fitting a straight line to the log of the
distributions ratio. The difference between torque values
obtained with and without the harmonic approximation 1s less
than 1.5 pN-nm and typically less than 0.5 pN-nm (data not
shown).

Torque measurements can be made with the angular trap
from the magnetic field not changing after turns are intro-
duced into the molecule. We test this by calculating kg at
different number of turns. No significant change 1n kg 1s
observed associated with the change in {0) or with the
change 1n the z position of the magnetic probe 109 (FIG. 3 and

Table 1).

TABL.

1

(Ll

Angular trap stifiness (kg5) and changes in equilibrium angle
(@ for curve at 0.6 pN in FIG. 4.

Molecule Number of kg™ Torque™*
extension angle (pN - (% () (pN -
Turns (Lm) measurements  nm) (°) (rad) nm)
0 2.9 18,000%*% 345 0 0 0
—-40 2.58 6,000 35,5 -17.27 -0.301 -104
-30 2.61 6,000 32.8 -14.61 -0.255 -8.8
-20 2.7 6,000 31.6 -16.44 -0.287 -9.9
-10 2.81 6,000 33 -8.96 -0.157 -54
10 2.85 6,000 34.6 8.63 0.151 5.2
20 2.64 6,000 34.8 19.26 0.336 11.6
30 2.04 6,000 33.2 19.92 0.348 12
40 1.41 6.000 37.2 23.08 0.402 13.9
45 1.09 6.000 35.1 22.75 0.397 13.7

"{l{g} =34.23 pN ' nm, G35 = 1.61 pN ' nm. To estimate the variation in kg of histograms at
constant number of turns, kg 15 calculated from the 3 sets of 6,000 measurements at zero
turns, giving o = 1.45 pN - nm, which indicates that most of the variation observed in trap
stiffness originates 1n drift during angle measurements and not in systematic errors associ-

ated with@ or with probe z position.

**lorque was calculated using the stiffness kg at zero turns. T = kg(0) <E>
***More angle measurements were taken at zero turns to obtain a precise value of kg(0).

The observed stability of kg, 1s a consequence of the horizontal
force being constant for z changes 1n the scale of the experi-
ment and the nanorod 121 being highly constrained to the
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horizontal plane. Multiple torque measurements 1n two dii-
terent DNA molecules 105 give a standard deviation of 0.8
pN-nm or less (see FIG. 13). FIG. 13 presents an assessment
of the precision of the torque measurements. Torque was
obtained for two DNA tethered probes at a vertical pulling
torce o1 0.4 pN (3 curves from each molecule). The standard
deviation of torque values (N=6) was always below 0.8
pN-nm. Torque measurements are affected by slow driits in
the system. Two sources of variability in our measurements
were stage and magnet drift. In order to minimize the stage
driit we used a reference bead adhered to the bottom of the
capillary tube. Belore obtaining each histogram, the position
of the stage was corrected using the image of an immobilized
bead. This provided a positional precision of 2 pixels (88 nm)
in each direction.

The torque required to change the orientation of the mag-
netic probe 109 by the minimum detectable angle gives the
torque resolution of the mstrument. The nanorods 121 allow
detection of ~1° change. The horizontal angular trap imposed
on the nanorod-bead magnetic probe 109 by the cylindrical
magnet 107 can be approximated to the harmonic potential

(See FIG. S3):

1 2 1 2
UB(Q) =+ ththg = + ik,g@

The torque T required to displace the minimum of the poten-
tial energy by an angle 6* 1s k,0%. We use magnetic probes
109 with trap stifiness (k,) between 30 and 70 pN-nm and we
can detect ~2m/360 radians change. Thus, an embodiment of

a system or mstrument according to the present invention has
a theoretical torque resolution of k, (2m/360) (between 0.5
and 1.2 pN-nm). The potential that traps the horizontal angu-
lar fluctuations in conventional magnetic tweezers, where
magnetic field and probe dipole are horizontal, 1s:

~ 1 1
E@) =-Cnii-B=~ —CmB(l - —92] = —CmB + =kgb*

2 2

where C 1s a constant that depends on the level of magnetic
saturation of the probe. In this case, kq=CmB. This angular
trap 1s significantly stiffer than the one generated by the
system composed by cylindrical magnet 107 and nanorod-
bead magnetic probe 109. The minimum kg that we find for
the conventional magnetic tweezers configurations that we
tested was 2,300 pN-nm (FIG. S4). With this stiffness the
instrument has resolution of 2,300 pN-nm (2m/360)=40
pN-nm.

Molecule Extension.

Molecule (or filament) extension can be measured from the
interference pattern of the bead.”* This method allows us to
measure molecule extension with <50 nm precision. The
z-coordinate of the center of the bead 119 of the nanorod-bead
magnetic probe 109 can be obtained by finding the best match
of the bead interference profile 1n a calibration profile set. The
profile set can be obtained at increasing distances from the
objective with 50 nm steps using the motorized z-stage.”’
Stage drift can be corrected by parallel tracking of the z-co-
ordinate of a separate bead stuck to the bottom of the capillary
tube.

We can calculate vertical pulling force 1n each of our torque
measurements from the x and y fluctuation of the DNA point
of attachment to the magnetic probe 109 (second binding
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point 115).” Each degree of freedom of the magnetic probe
has an average energy k1T which allows us to obtain the force
as

kpTl

"= 6

where 1 1s the vertical distance between the attachment point
(first binding point 103) of the molecule 105 to the glass
substrate 101 and the attachment point (second binding point
115) of the molecule 105 to the probe 109 (z-coordinate of the
center of the bead 119). In our case, X 1s the coordinate of the
DNA point of attachment (second binding point 115) at the
nanorod 121. Since the nanorods 121 are fully covered with
Neutravidin we do not know this position, but we can calcu-
late 1t from the fluctuations of the probe. The DNA binding
point 1s the center of rotation of the object. This point does not
rotate, so 1t 1s the point along the axis of the probe that
minimizes <dx>>. It is in the range 0.3-1 um away from the
magnetic section of the nanorod 121 (which coincides with
the center of the bead 119 in the image) in the magnetic
probes 109 we use. FIG. 2 shows the axis of the nanorod 121
(line) along which we find the center of rotation.

The system cylindrical magnet 107 and nanorod-bead
magnetic probe 109 can apply forces between 0.1 pN and 1.5
pN using 1 um diameter beads 119. Larger beads (2.8 um) are
expected to generate vertical pulling forces of up to 10 pN.
Pulling (Elongational) Force.

The vertical gradient of the magnetic field produces a ver-
tical pulling force. For example, changing the distance
between the cylindrical magnet 107 and the glass substrate
101 in a 1 mm range allows adjustment of this force between
about 0.1 and about 1.5 pN. The magnetic probes 109 are
tethered to DNA or chromatin 103, and the vertical pulling
force 1s computed from the fluctuations of the x-y position of
the point along the nanorod where the DNA is attached.'”
Probe Assembly.

The experiment 1s performed 1nside a capillary tube 123
over an 1nverted microscope 125 as shown 1n FIG. 1c. One
end of a linear DNA fragment (10 kb) can be functionalized
with several digoxigenin moieties and the other end with
several biotin moieties. The same DNA fragment 1s used for
chromatin reconstitution and naked DNA experiments. Func-
tionalized DNA or chromatin (50 ng/ml) 1s incubated for 10
min in an anti-digoxigenin coated capillary tube 123. Nano-
rods 121 are functionalized by coating nonspecifically with
neutravidin during a 30 min incubation (see FIG. 14), mixed
with the superparamagnetic beads 119, and introduced into a
capillary 123 containing functionalized DNA or chromatin.
Nanorods 121 and beads 119 self assemble and sediment on
the bottom of the glass capillary 123, and are lifted by placing
the capillary tube 123 under the cylindrical magnet 107. In the
resulting constructs, DNA or chromatin fibers are torsionally
constramned because they are attached to the nanorod 121
through multiple biotin/neutravidin linkages, and to the glass
substrate 101 through multiple digoxigemn/anti-digoxigenin
linkages.

Measurements.

We use the nanorod-bead magnetic probes 109 and the
cylindrical magnet 107 configuration to track the motions of
single 10 kb DNA molecules 105. The nanorod-bead mag-
netic probes 109 allow simultaneous tracking of horizontal
angular fluctuations (torque), molecule extension, and pull-
ing force. Results of single-molecule torque measurement of
DNA at low pulling force are shown in FIG. 4. Results of
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extension and torque measurement of a 10 kb naked DNA
molecule at pulling forces of 0.3, 0.6 and 1.4 pN are shown.
Extension and torque are symmetric for 0.3 pN and asymmet-
ric for 0.6 and 1.4 pN. Introduction of suflicient positive
rotations (overwinding DNA) generated plectonemes, indi-
cated by linear shortening and constant torque. Negative rota-
tions (unwinding DNA)at 0.6 and 1.4 pN pulling forces failed
to shorten the DNA due to DNA melting, and resulted 1n a
constant torque of ~—10 pN-nm. Negative twisting at the
lower pulling lower force o1 0.3 pN allowed DNA shortening,
indicative ol negative plectoneme formation with a torque of
4-5 pN-nm. The inset of FIG. 4 presents the torque at which
DNA buckles to form plectonemes at positive rotations (post-
buckling torque) as a function of pulling force. Black crosses
are Forth et al. measurements” and the dashed line represents
a theoretical model proposed by Marko.”® Circles are the
post-buckling torques from curves at 0.3, 0.6 and 1.4 pN. Our
measurements match previous measurement at ~1 pN and
agree with the theoretical prediction at low pulling forces (<1
pN). The parameters used 1n the model (dashed line) are 50,
100 and 28 nm for the bend persistent length, twist persistent
length, and twist stifiness of the plectonemic state.

Our measurements for DNA extension and resistive torque
as a function of turns agree with and extend previously pub-
lished observations.”'*** Positive rotations (to overwind
DNA) and negative rotations (to unwind DNA) are intro-
duced into the DNA at pulling forces between 0.3-1.4 pN. For
pulling forces 01 0.6 and 1.4 pN, the torque 1s a linear function
tor low number of rotations. The linear behavior 1s interrupted
at ~—20 turns, corresponding to a ratio between the turns
introduced 1n the molecule 105 and the molecule intrinsic
number of helix turns of =—0.02. As more negative turns are
introduced, melting of the duplex DNA occurs,'” and the
torque 1s constant at —10 pN-nm. A similar value (-9.6
pN-nm) was obtained by Bryant et al. at pulling forces of 15
pN and 45 pN."* At 0.3 pN and higher pulling forces, the
linear behavior of the torque curve 1s also interrupted at
positive turns. The exact number of rotations at which this
happened 1s force-dependent and coincides with the buckling
transition where plectonemic DNA started to form. The
torque remains flat after DNA buckling (post-buckling
torque), which has been observed at pulling forces above 1
pN,”>'®** and is consistent with a phase transition between
extended and plectonemic DNA.*® The inset in FIG. 4 shows
the post-buckling torque 1n our measurements (circles), the
values obtained 1n previous measurements at forces above 1
pN [ref.”] (black crosses), and a theoretical prediction of
DNA post-buckling torque®® (dashed line). The post-buck-
ling torque 1n our measurements matches previous experi-
mental results at ~1 pN and agrees with the theoretical curve
in the low pulling force regime (<1 pN), where previous
experimental measurements are not available.

The resistive torque of chromatin fibers 105 has not been
experimentally measured previously. We obtain turn-vs-ex-
tension and turn-vs-torque curves for chromatin at 0.3 pN
vertical pulling force, which 1s sufficiently low to prevent
DNA melting when 1t 1s twisted. FIG. 5 presents results for
extension and torque measurements of chromatin fibers 105.
Chromatin was generated from the same DNA used for bare
DNA experiments described 1n FIG. 4. The chromatin fibers
105 are reconstituted using recombinant Xernopus histones
and the same 10 kb DNA fragment as for the bare DNA
experiments. The experiment 1s performed at low 1onic con-
ditions (10 mM phosphate buifer).

The turn-vs-extension and turn-vs-torque curves at 0.3 pN
pulling force are shown for three molecules 105 1n FIG. 3a.
The extension curves are sigmificantly flatter than for the
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naked DNA at the same vertical pulling force (0.3 pN). They
were also highly variable from molecule to molecule, which
has been previously observed and correlated with the number
of nucleosomes per fiber.” Bancaud et al.” obtained the rela-
tion between the topological shift and the maximal extension
of nucleosome arrays (FIG. 5a in their paper). The slope of
the observed linear trend was —12 turns/0.7 ym=-17.1 turns/
um. Bancaud et al. also estimated the topological change of
one nucleosome to equal -0.8 turns. So, the number of
nucleosome particles per micrometeris 17.1/0.8=21.4. In our
measurements, the length difference between the maximal
extensions of the shortest (0.8 um long) and longest (1.7 um)
fibers 105 1n FIG. 5a 1s 0.9 um which corresponds to a dii-
terence o1 19.3 nucleosomes. In spite of this, each molecule 1s
able to accommodate >+40 turns and the torque remains

below 7 pN-nm before significant shortening occurs (FIG.
5a). This contrasts with naked DNA, which at the same pull-
ing force, can only accommodate ~20 turns before shortening
over a change in torque of 7 pN-nm (FIG. 4). This shows that
extended chromatin fibers 105 have a significantly lower
torsional rigidity than bare DNA.

Chromatin fibers 105 have previously been reported to
display hysteresis in single molecule twist-extension experi-
ments.16 We find that such a twist-extension hysteresis 1s also
coupled with torque hysteresis. That 1s, FIG. 5b shows that
extension and torque hysteresis was observed 1n the chroma-
tin fibers 103. Two consecutive loops are shown for a single
molecule. Hysteresis 1s observed at >+50 turns: Backward (to
the left) paths show larger extension and lower torque. Hys-
teresis presumably indicates the formation of torsionally-
induced structural states that do not relax on the timescale of
the experiments.

In summary, embodiments of the system and methods
according to the present invention enable the measurement of
torque on single biomolecules. A nanorod-bead magnetic
probe 109 manipulated with a vertical magnetic field i1s a
component for measuring resistive torque with pN-nm reso-
lution. In parallel with torque, molecule extension and pulling
forces can be precisely measured. For the first time, torque at
a physiologically relevant low pulling force (<1 pN) has been
measured 1n a single molecule experiment. Our method 1s
simple, and does not require extensive calibration or feedback
systems. The use of magnetic probes 109 produced by self
assembled magnetic nanorods 121 and superparamagnetic
beads 119 creates new possibilities for magnetic manipula-
tion of single molecules 103.

The method for determining the torque on a filament 105
has been implemented 1n software. The software was written
in Matlab using the image analysis, image acquisition, and
signal analysis toolbox. The software allows for measuring
the torque applied to the filament 1035 from the difference in
the angular distribution of the magnetic probe 109 attached to
the filament 105 before and after turns are introduced 1n the
filament. The software tracks the position of two objects 1n
two mdependent video streams coming from the same video
(e.g., CCD)camera 127: amagnetic probe 109 attached to the
filament 105 and a reference bead attached to the bottom of a
(e.g., glass) substrate 101. The position (X, y, z) of the mag-
netic probe 109 1s corrected with the position (X, y, z) of the
reference bead to account for drifts in the system. The (azi-
muthal) angle of the magnetic probe 109 1s tracked at 21 Hz.
Torque measurement can be made, for example, by obtaining
angular distributions of about 6000 measurements, which can
be obtained, for example, over about 5 minutes. The software
can determine torque on the filament 105, extension of the
filament, and applied vertical (elongational or pulling) force.
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Software can be integrated with a module to control the
imposition of turns on the filament.

Example 1
Capillary Tube Preparation

Capillary tubes 123, 2x0.2 mm ID (Vitrocom, Mountain
Lake, N.J., USA) previously piranha cleaned, were incubated
8 hrs 1 anti-digoxigenin solution (PBS complemented with
0.2 mg/ml polyclonal anti-Digoxigenin, Roche, Indianapolis,
Ind., USA)and 12 hrs 1n blocking solution (10 mM phosphate
builfer complemented with 10 mg/ml acetylated BSA, Sigma,
St Louis, Mo., USA; 0.1% Tween-20; 10 mM EDTA: 3 mM

NaN;). Both incubations were performed at 37° C., and cap-
illary tubes stored at 4° C.

The substrate 101 can be coated with a material other than
anti-digoxigenin. One of skill 1n the art will select an appro-
priate coating material based on the material of which the
substrate 101 1s formed and the filament 105 to be examined,
as well as other experimental considerations.

Example 2
Nanorod Synthesis

Nanorods 121 were prepared by electrodeposition 1nto the
200 nm diameter pores of an aluminum oxide template mem-
brane (Whatman, Springfield Mill, Kent, England).*>*® An
800 nm cooper f1lm was evaporated onto one side of a mem-
brane and used as the working electrode. The nanorods 121
were formed by filling the pores of the membrane by the
deposited material. Three different metal segments were
deposited by changing the electrolytic solution. An 8 um
copper sacrificial segment was deposited from 3500 mM
CuSO, (pH=1.0) by running a charge of 7 coulombs at —160
mV. The platinum segment 1003 was produced by running a
charge of 3 coulombs from a solution of 17 mM (NH,,),PtCl,
and 250 mM Na,HPO, (pH=7.8) at =350 mV, producing a
1.7£0.4 um long segment. Finally, the nickel segment 1001
was deposited from a solution of 500 mM N1SO,, and 670 mM
boric acid (pH=3.8) by running 0.4 coulombs at —800 mV,
producing a 0.09+£0.03 um long segment. Copper was etched
in a copper etchant BTP bath (Transene, Danvers, Mass.,
USA) at 40° C. for 12 hrs, and Al,O; was etched mna 2 M
KOH bath at 65° C. for 8 hrs.

FIG. 10 presents aspects of N1—Pt nanorod 121 fabrica-
tion. FIG. 10a shows a scanming electron micrograph of the
aluminum oxide template (Whatman, Springfield Mill, Kent,
UK) used for nanorod electrodeposition. The electrodeposi-
tion took place 1n the capillary pores of the template, which
had a diameter of 200 nm (1mage bar=1 um). F1G. 1056 shows
a scanning electron micrograph of a N1—Pt nanorod 121
(image bar=0.5 um). The Pt 1003 and N1 1001 segments were
sequentially electrodeposited using electrolytic solutions
contaiming ammonium chloroplatinate and nickel sulfate,
respectively. The length of each segment was controlled by
the total electric charge circulated through the electrochemi-
cal cell at each deposition stage. Alter deposition, the alumi-
num oxide template was etched to liberate the nanorods (see
Maternals section).

Example 3
Nanorod Functionalization

Nanorods 121 were functionalized by incubating them for
30 min 1 a 10 mM phosphate buffer complemented with 0.1
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mg/ml Neutravidin tetramethylrhodamine conjugate (Invit-
rogen, Eugene, Oreg., USA) and 0.1% Tween-20. Shaking

during the incubation prevented aggregation of nanorods 121.

Treatment with rhodamine-labeled Neutravidin allowed the

visualization of the nanorods 121 (FIG. 14).

FIG. 14 shows the N1i—Pt nanorods 121 coated with tet-
ramethylrhodamine conjugated Neutravidin. The same field
of nanorods 121 visualized using FIG. 14a bright field and
FIG. 14b fluorescence, showing the Neutravidin bound to the
nanorod surface.

We tested the quality of Neutravidin coating by measuring,
the percentage of nanorods 121 that were able to introduce
supercoils into the bound DNA molecule. We found that there
were always some molecules 1n which rotation of the handle
did not result in molecule shortening. This behavior can result
from single attachment points around which the molecule can
swivel, releasing the twists. Such attachments can result from
nicks in the DNA, or due to single connections with the probe
or the glass: 1f DNA 1s linked to one of the surfaces by just one
biotin or digoxigenin link, then 1t can swivel around that link.
We found that our Neutravidin-labeled nanorods 121 gave the
same percentage ol supercoiled DNA (~70%) as commer-
cially available Streptavidin-coated beads (Invitrogen), indi-
cating that the surface density of Neutravidin nanorods was
not a limiting factor.

Alternatively, a compound other than Neutravidin can be
used to coat the nanorods 121 and/or magnetic probes 109.
One of skill in the art will be able to select an appropriate
coating material depending on the filament 105 to be exam-
ined and other experimental considerations.

Example 4
DNA Bi-Functionalization

We used the same DNA fragment for naked DNA and
chromatin experiments. The DNA fragment was generated
from ligation of three pieces: two 900 bp DNA fragments,
produced by PCR, containing either biotin- or digoxigenin-
labeled nucleotides; and a central 10 kb fragment containing
a 35x208 basepair (bp) repeat tandem array of the 3S posi-
tioning sequence tlanked by vector DNA (a gift of Jeflrey
Hansen). To enrich the desired population of DNA constructs
(the 10 kb fragment flanked by both biotin- and digoxigenin-
labeled fragments), we employed restriction enzymes to yield
compatible cohesive ends: the biotin- and digoxigenin-la-
beled fragments were digested with Nhe I, and the vector
containing the central array was digested with Xba I. Ligation
of these fragments was performed 1n the presence of the Xba
I and Nhe I restriction enzymes, and the correct product was
therefore not recleavable by these enzymes. Compounds
other than biotin and/or digoxigenin can be used to label a
filament 105 and attach the filament 105 to the magnetic
probe 109 and the substrate 101. One of skill in the art will be
able to select appropriate compound(s) for labeling the fila-
ment 105 based on the filament 105 to be 1mvestigated, the
materials of which the magnetic probe 105 and the substrate
101 are formed, and other experimental considerations.

Example 5
Chromatin Preparation

Wildtype histones H2A, H2B, H3, and H4 from Xeropus

laevis were expressed, purified, and reconstituted into octam-
ers.>” Chromatin was generated by depositing these histone
octamers onto the functionalized DNA using the salt gradient
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dialysis technique.”” For the reconstitution, the ratio of DNA
to histones was varied trom 0.6:1 to 1.2:1. We examine the

level of histone saturation using analytical ultracentrifuga-
tion.”"~! For the histone:DNA ratios of 1.0:1.0 and lower, the
samples appear relatively homogeneous, with 80% of each
sample sedimenting at 23 S (0.6:1 ratio0), 47 S (0.8:1 ratio), 72
S (1.0:1 rat10). In contrast, the 1.2:1 ratio displayed aberrant
sedimentation that precludes van Holde/Weischet analysis,
and 1s likely due to oversaturation of the array (data not
shown). Chromatin samples prepared at a histone:DNA ratios
010.8:1.0were used for magnetic tweezer manipulation. Indi-
vidual fibers 105 differed significantly 1n the apparent num-
ber of nucleosomes (see FIG. 5a). A similar heterogeneity
was also observed by Bancaud et al.®

Example 6
Probe Assembly

Solutions were introduced into a capillary tube 123 by
filling a pipet tip attached to the capillary via tygon tubing,
and then pulling the solution into the capillary tube with a
syringe pump (Harvard Apparatus, 11 Plus, Holliston, Mass.,
US). During the experiment, the connecting tygon tubing was
clamped off to 1solate the system from the exterior. All the
experiments were conducted 1in standard buifer (10 mM phos-
phate buifer with 0.1% Tween-20). Naked DNA molecules or
chromatin fibers (50 ng/ml) 105 were incubated 1n the capil-
lary tube for 10 min to allow digoxigenin-labeled DNA ends
to interact with the anti-digoxigenin coated glass surface.
Unbound DNA or chromatin was washed away by flowing
300 ul of standard butfer through the capillary 123. Finally, 1
um diameter superparamagnetic beads 119 (Dynabeads
MyOne, Tosylactivated, Invitrogen, Carlsbad, Calif., USA)
and functionalized nanorods 121 were tlowed 1nto the capil-
lary. The surface of the beads 119 was not activated. Beads
119 and nanorods 121 self assemble 1n the absence of an
external magnetic field, by the attraction between the ferro-
magnetic N1 segment and the superparamagnetic bead 119.
During assembly, the preferred dipole orientation of the bead
119 aligns with the N1 segment dipole, such that under the
vertical magnetic field created by the cylindrical magnet, the
dipole of the bead 119 and the dipole of the N1 segment 1001
are vertical while the axis of the nanorod 121 1s horizontal.
The probes were lifted by placing the capillary tube under the
cylindrical magnet 107 which was held by a linear stage
(460P-XYZ, Newport, Irvine, Calif., US) ~2 mm above the
capillary tube 123.

The embodiments illustrated and discussed 1n this specifi-
cation are intended only to teach those skilled 1n the art the
best way known to the mventors to make and use the inven-
tion. Nothing 1n this specification should be considered as
limiting the scope of the present mvention. All examples
presented are representative and non-limiting. The above-
described embodiments of the invention may be modified or
varied, without departing from the invention, as appreciated
by those skilled 1n the art in light of the above teachings. It 1s
therefore to be understood that, within the scope of the claims
and their equivalents, the invention may be practiced other-
wise than as specifically described.
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We claim:
1. A system for determining torque applied to a filament,

comprising;
a substrate having a first binding point suitable for attach-

ment of a first end of a filament:
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a magnet arranged 1n a relationship opposed to the sub-
strate;

a magnetic probe having a magnetic moment, an azimuthal
ortentation, and a second binding point suitable for
attachment of a second end of the filament, positioned
between the substrate and the magnet; and

a translation stage disposed proximate to the substrate and
the magnet;

an 1imaging device proximate to the substrate, magnet, and
magnetic probe;

wherein the imaging device 1s adapted to determine the
azimuthal orientation of the magnetic probe, and

wherein the second binding point of the magnetic probe 1s
olfset from the magnetic moment.

2. The system of claim 1, wherein the translation stage 1s

attached to the substrate.

3. The system of claim 1, wherein the translation stage 1s
attached to the magnet.

4. The system of claim 1, wherein the magnetic moment of
the magnetic probe 1s approximately parallel to an orientation
axis passing through the first binding point and the second
binding point.

5. The system of claim 1, wherein the translation stage has
two axes of motion.

6. The system of claim 1,

wherein the magnet 1s a single permanent magnet.

7. The system of claim 6,

wherein the single permanent magnet 1s affixed to a z-stage
translatable 1n a direction approximately parallel to an
orientation axis passing through the first binding point
and the second binding point.

8. The system of claim 1,

wherein the magnet 1s an electromagnet.

9. The system of claim 8, wherein a magnetic field of the
clectromagnet 1s variable.

10. The system of claim 1,

wherein the magnetic probe comprises a magnetic bead
and a lever,

wherein the magnetic moment of the magnetic probe
passes through the magnetic bead, and

wherein the lever comprises the second binding point.

11. The system of claim 1,

wherein the magnetic probe comprises a superparamag-
netic material.

12. The system of claim 1, wherein the filament 15 a mac-

romolecule.
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13. A method for determining the torque applied to a fila-
ment, comprising;:

allixing a first end of the filament to a substrate;

alfixing a second end of the filament to a magnetic probe

having an azimuthal orientation;

applying an external magnetic field having a magnetic axis

to move the magnetic probe and elongate the filament
along an orientation axis passing through the first end
and the second end of the filament;

moving the first end of the filament relative to the magnetic

axis of the external magnetic field to change the azi-
muthal orientation of the magnetic probe and impose
twist on the filament;

obtaining 1mages of the magnetic probe at a plurality of

successive times;

using the images to determine the azimuthal orientation of

the magnetic probe at the successive times;

obtaining a probability distribution of azimuthal orienta-

tions from the azimuthal orientations at the successive
times; and

determining the torque on the filament from the probability

distribution of azimuthal orientations.

14. The method of claim 13, wherein the filament 1s a
polynucleotide.

15. The method of claim 13, wherein the first end of the
filament 1s moved relative to the magnetic axis by translating
the substrate.

16. The method of claim 15, wherein the substrate 1s trans-
lated 1n a curve having a winding number about the magnetic
probe.

17. The method of claim 16, wherein the winding number
1s at least one.

18. The method of claim 16, further comprising determin-
ing the torque on the filament as a function of the azimuthal
orientation and/or the winding number.

19. The method of claim 16, further comprising varying the
external magnetic field to vary an elongation force along the
orientation axis of the filament.

20. The method of claim 19, further comprising determin-
ing the torque as a function of the elongation force and the
azimuthal orientation and/or the winding number.

21. The method of claim 13, wherein the first end of the
filament 1s moved relative to the magnetic axis by translating
the external magnetic field.
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